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Preface

"A Critical Review of Measurements of the Unattached Fraction of Radon Decay
Products," by Dr. Philip Hopke, is another in the technical reports series
from the Department of Energy, Office of Health and Environmental Research
(OHER) Radon Research Program. This report, as in all the technical reports,
provides state-of-the-art scientific knowledge in one of the many disciplines
cué*rently being funded to understand the complex issues regarding indoor
radon.

Dr Philip Hopke, a major contributor both to the understanding of the complex
behavior of radon decay products and to the OHER Radon Program, has written a
review of the literature and measurements of the "unattached" fraction of
radon progeny. In light of the importance of this fraction to estimates of
dose received by the critical cells in the lung, this volume is both
significant and timely. It will provide the reader with all the pertinent
literature and measurements, as well as an explanation for their
significance.

Several other types of publications complete the OHER radon publication
effort. These include an annual program report, summary reviews of selected
scientific areas, critical bibliographies, and a quarterly research notes
publication.

Information on the Radon Research Program or the radon publications may be
obtained from:

Susan L. Rose, Ph.D.

Radon Program Manager

Office of Health and Environmental
Research, ER-73

Department of Energy, GIN

Washington, D.C. 20545



Abstract

Exposure to radon and its decay products is known to cause lung cancer. It is the
deposition of the decay products within the respiratory tract that delivers the dose leading to
adverse health effects. An important concept in understanding the health effects of the radon
progeny is the "unattached" fraction. It was suggested that there is a highly diffusive form of the
radon and thoron decay products that can be fully deposited in the respiratory system. This
smallest fraction of the size distribution has been referred to as the "unattached fraction." Recent
evidence suggests that the "unattached" decay product atoms are associated with ultrafine particles
(0.5 to 5 nm in diameter). However, there is a long history of this operationally defined
"unattached" fraction in the radon literature and the "unattached" fraction has been given extra
importance in estimating the health effects of radon decay products.

Initial measurements were made using diffusional deposition in tubes to separate the high
diffusivity "unattached" activity from that associated with lower diffusion coefficient particles.
Subsequently, wire screens were used to estimate "unattached" Rn daughter fractions in ambient
and mine atmospheres. Wire screen penetration theory along with a semi-empirically corrected
diffusion coefficient equation can be used to characterize the previously reported "unattached"
fraction measurements. Collection efficiency curves have been estimated for previously published
wire screen "unattached" fraction measurements and the measurements available in the literature
are reviewed and discussed. Although the measurement methods have been available for many
years, only limited measurements are available for either mine or indoor atmospheres.

If the "unattached" fraction is in reality an ultrafine cluster mode in the 0.5-5 nm size
range, the collection efficiency versus particle diameter characteristics of wire screens do not
permit a distinct separation of the "unattached" and "attached" fractions. Thus, "unattached"
fraction measurements cannot provide the detailed information that is tieeded for more accurate
dosimetric calculations. The better understanding of screen penetration has permitted the
development of new systems that can measure the activity-weighted size distributions over the full
range of interest (0.5 to 500 nm). There have only been limited measurements made since the
development of these graded screen array systems. The available data are presented.

Finally, the purpose for measuring unattached fraction is to estimate the dose to the
respiratory tract arising from the deposition of radon decay products to which the individual is
exposed. Therefore, if measurements could be made in a manner that better reflected the
aerodynamic behavior of the radon progeny in the respiratory tract, then the assessment of
exposure could be directly related to dose with far greater accuracy than has been previously
possible. Respiratory deposition models can serve as basis for such a system and the design

concepts of such a measurement system is presented.
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INTRODUCTION AND BACKGROUND

Recent awareness of the health risks posed to the public by the inhalation and
subsequent lung deposition of Rn decay products has resulted in a renewed interest in the
properties of Rn and its progeny. The decay products rather than radon itself are the active
species responsible for the health hazard because of their deposition in the respiratory tract
followed by the release of ionizing radiation during their subsequent decay. The radon
concentrations as well as the prolonged exposure periods related with indoor habitation make
indoor radon a potential health hazard. The National Council on Radiological Protection
(NCRP, 1984) estimated that 5,000-20,000 lung cancer deaths per year in the United States may
be a result of prolonged indoor radon exposure (EPA, 1986). Currently Environmental
Protection Agency uses an estimate of 20,000 deaths annually from radon-induced lung cancer in
the general population (EPA, 1989). The "new" estimate was obtained by using revised risk
coefficients from the underground miner studies of both the International Commission on
Radiological Protection Report No. 50 (ICRP, 1987) and National Research Council’s Panel on
the Biological Effects of Ionizing Radiation risk estimates (BEIR IV, 1988).

Two important physical parameters in all lung dosimetry models used to estimate
radiation doses from inhaled Rn decay products are the activity median diameter of the
"attached" radioactive aerosol and the "unattached" fraction of 2I§Po (RaA) (James et al, 1980,
Jacobi and Eisfeld (1980); Harley and Pasternack, 1982). Traditionally defined, the "unattached"
fraction constitutes free molecular daughter atoms or ions possibly clustered with other
molecules such as H)O as distinct from daughter atoms "attached" to particles in the preexisting
ambient aerosol.

The measurement of the "unattached" fraction of Rn progeny has been the subject of
extensive research. Diffusion, impaction, and electrostatic deposition methods have been
employed for the separation of the "attached" and "unattached" fractions of radioactive aerosols
in ambient and mine atmospheres (Van der Vooren et al, 1982). However, from the recent
studies of the neutralization rate for 2I§Po+ ions (Chu and Hopke, 1988), it is clear that most of
the ions will be rapidly neutralized in the atmosphere and electrostatic collection will
underestimate the "unattached" fraction. Jonassen (1984) and Jonassen and McLaughlin (1985)
found that only about 10% of the "unattached" fraction as measured using a wire screen system

was charged. Thus, the measurements of Blanc et al. (1968) and Chapuis et a/ (1970) find



extremely small "unattached" fractions when actually what they have measured is that fraction of
the highly diffusive daughter activity that is still charged. These results are in good agreement
with later measurements of Jonassen and McLaughlin (1985). Thus, electrostatic measurements
of "unattached" fractions will not be considered further in this report.

The studies based on diffusional collection of the "unattached" activity are characterized
by their common use of a single, constant diffusion coefficient for "unattached" 21§Po, originating
from the first estimate of 0.054 cmV! for the diffusion coefficient of 2I§Po (Chamberlain and
Dyson, 1956). Recent investigations have indicated that the "unattached" 218Po fraction is
actually an ultrafine particle or cluster mode, 0.5-3 nm in diameter, rather than free molecular
M8Po (Reineking and Porstendbrfer, 1976). Busigin et al. (1981a) were the first to conclude that
the diffusion coefficient of "unattached" 218Po in air could not be adequately described by a
single number, given the experimentally observed range of 0.005-0.1 cm! sl. Goldstein and
Hopke (1985) have also shown experimentally that the diffusion coefficient for 2I§Po can be
adjusted in the range 0.03-0.08 cm! s'l by controlling the admixed trace gases. Raes (1985) has
applied classical nucleation theory to describe the growth of clusters in atmospheres containing
28Po, H20 and SO2 The results of these studies strongly suggest that the so-called "unattached"
fraction is actually an ultrafine particle mode in the 0.5-3.0 nm size range whose nature is
dependent upon the gaseous environment surrounding the Rn decay products.

The detection of these ultrafine clusters by conventional particle detection devices such
as condensation nuclei counters (CNCs) is precluded by the lack of sensitivity of these devices
below particle diameters of 4 nm (Agarwal and Sem, 1980; Bartz et a/, 1985). However, the
existence of the ultrafine cluster mode (0.5-3 nm diameter) in the activity size distribution has
been observed in recent investigations by Reineking and Porstendbrfer (1986) and by Tu and
Knutson (1988a), using specially developed wire screen diffusion batteries. Wire screens,
calibrated using a single, constant value for the 2I8Po diffusion coefficient and sampling an
"unattached" fraction consisting of an ultrafine cluster mode in the activity size distribution
would thus be unable to separate the "unattached" and the "attached" fractions.

Most of the initial "unattached" fraction measurements were made using the penetration
of activity through a diffusion tube or diffusion battery to separate the highly diffusive activity
from the lower mobility, particle-attached decay products. The theory of tube penetration will

be presented along with a review of these initial studies.



Subsequently, the use of wire screens for the separation of the "unattached" fraction was
developed by James ef al. (1972), Thomas and Hinchliffe (1972) and George (1972). These
systems were much easier to use although initially they suffered from the lack of a well
developed theory to relate the screen properties to their collection efficiency. The collection
efficiency of wire screens for the "unattached" l§Po was therefore empirically determined from
calibration experiments using fresh 2I§Po in the absence of ambient aerosols, as a function of
screen parameters and face velocity. George (1972) developed a standard method for measuring
"unattached" 2I§Po fractions: a 60-mesh stainless steel screen is sampled simultaneously with a
parallel filter, followed by a-counting of both the screen and filter; 28Po data is extracted from
both by the modified Tsivoglou technique and the "unattached" fraction is calculated as the ratio
of twice the activity on one face of the screen to the activity on the filter. This method has
been widely employed to obtain estimates of the "unattached" fraction in a variety of different
environments.

The wire screen penetration theory developed by Cheng and Yeh (1980), Cheng et al.
(1980) and Yeh ef al. (1982) will be presented along with a semi-empirically corrected diffusion
coefficient equation in the molecular cluster size range to characterize "unattached" fraction
measurements reported by earlier studies. From these theoretical considerations, collection
efficiency curves can be estimated for these measurements to demonstrate the potential for

1

underestimation of the "unattached" cluster mode by the use of these methods and
improvements in wire screen methods for such measurements are discussed in this context. The
nature of respiratory deposition will then be presented along with the design concepts for a new
sampling system that would yield measurements that can be directly related to dose with much

greater accuracy.

RELATIONSHIP BETWEEN PARTICLE SIZE AND DIFFUSION COEFFICIENT
The particle diffusion coefficient for aerosols is commonly estimated by the Einstein
equation,
D = kTC (1)
37t™dp
where k is the Boltzmann constant (1.38x10 ™ erg “Kl), T is the temperature in °K (293 K at
20°C and | atmosphere), n is the gas viscosity (1.83)(10_4 gm cm sl for air) and C is the

Cunningham correction factor given by Friedlander (1977),



C = I+ A [2514 + 0.8 exp(-0.55 dp/A) | Q)

dp
where A is the mean free path of the gas (0.65x10  cm for air at 20 °C).

Equation 2 was empirically derived to fit the entire range of values of dp/A from the
continuum to the free molecular regimes (Davies, 1945). However, equations | and 2
overestimate the particle diffusion coefficient in the 0.5-1.75 nm particle diameter range. To
illustrate this overestimation consider the diffusion coefficient for a “"Rn atom whose atomic
diameter is estimated to be 0.46 nm. This diffusion coefficient was measured by Hirst and
Harrison (1939) to be 0.12 cm? sl. Equations | and 2 predict a diffusion coefficient of 0.20 cm]
s for a 0.5 nm diameter cluster. This result is further evident from a comparison (Figure 1)
with the diffusion coefficient as calculated using the kinetic theory of gases (Loeb, 1961,
Porstendorfer, 1968, Raabe, 1969). The kinetic theory equation for the diffusion coefficient of

molecular clusters in a gas,
D (3)

where Vi is the root mean square velocity of the gas (5.02 x 104 cm sl for air at 20°C), N is the
number concentration of gas molecules (2.51 x 1019 cm] for air at 760 mm Hg and 20°C), s is
the sum of the radii of the gas molecules (0.155 x 107 cm for air) and of the cluster, M is the
molecular weight of the cluster and m is that of the gas (28.9 for air).

In order to use a single equation for the particle diffusion coefficient over the entire
size range, for dp > 0.5 nm, the Einstein-Cunningham equations | and 2 may be fitted to the
kinetic theory equation 3 in the 0.5-1.75 nm size range in a manner that yields the original
Einstein-Cunningham equations | and 2 for dp > 1.75 nm. This result may be obtained by the

substitution of

a5 — do(l + 36274107 d

D) (dp in cm) 4)

for dp in equation 2 for the Cunningham constant, C. The molecular weight-cluster size
relationship for 218Po-H2O clusters was used for the molecular weight factor,[(M-+IT"/M]IT, in the
kinetic theory equation 3 to obtain the fitting parameter, d‘, in equation 4. Figure | is a plot of

the corrected, uncorrected Einstein-Cunningham and kinetic theory diffusion coefficient



Uncorrected Eqns.C| }.(2}
Corrected Egns_C1},C2},C4}

0.15

Raabe-Loeb Equation j
(without molecular weight factor [Cm+tMVM]

0.10 Radon-222 atom at 15°C
(Hirst and Harrison. 1939)

0.05 -

10.0
Particle Diameter Cnm}

Figure 1. Diffusion coefficient for particles 0.5-10 nm in diameter, plotted using the
uncorrected and corrected Einstein - Cunningham equations, and the kinetic theory equation
without the mass factor, [(M-l-m)/M]ul.

equations versus particle diameter (the kinetic theory equation is plotted without the

[(M+m)/M]v2 factor which rapidly approaches unity).

PENETRATION OF AEROSOLS THROUGH A TUBE

Theoretical equations for diffusional deposition in circular tubes are well-documented in
the literature (e.g. Gormley and Kennedy, 1949; Fuchs, 1964). Of particular interest when
sampling highly diffusive ultrafine cluster aerosols are tube penetration equations for the
prediction of diffusional deposition or wall losses in the entrances of sampling tubes. Typically,
the "wall loss" lengths, L, in these situations are smaller than the tube length required for the

development of a laminar flow profile ("entrance length"). This entrance length, z, beyond

which a parabolic flow field is established is (Fuchs, 1964),
z = 0.1 R Ret (5)

where R is the radius of the tube and Ret=2UpR//j is the Reynolds number of the tube.
Within this entrance distance, z, a developing flow exists and could enhance diffusional

deposition. Theoretical studies by Tan (1969) and Chen and Comparin (1976) suggest that for



highly diffusive ultrafine cluster aerosols with small Schmidt numbers (Sc=u/D) and penetration
parameter, ~*=DL/RIU < 0.05 (small entrance length, L, and high flow velocity, U), assuming a
uniform flow profile may be a suitable first-order approximation for the prediction of diffusional

deposition losses.

Ingham (1975) developed an analytical, matched-asymptote solution for uniform flow

penetration through a circular tube, Pt given by,

1 0% 10 1 0
Pt = 4 e'ai M e"a2 M+ 4 eI~ + (6)
2 al ai?
{1-4(Vo,, +1W + 1w, e- 1I-4(1W+ 1W + D]

The parameters ajl (=5.783186), all (=30.471262), a} (=74.887007) are the zeros of the zero-
order Bessel function of the first kind, Ji(an) = 0 (Tan, 1969). Equation 6 is valid for tube
Reynolds number Ret < 1200 and tube Peclet number (Pet=RU/D) > 100.

Thomas (1955) attempted to verify the laminar flow tube penetration theory equations using
gas molecules and reported agreement to within 20-30%. The discrepancies were attributed to
experimental difficulties and possible entrance effects. Scheibel and Porstendbrfer (1984)
attempted a verification of tube penetration theory using monodisperse particles (dp > 4 nm).
They reported good agreement with laminar flow theory (Gormley and Kennedy, 1949) for
particle sizes greater than 15 nm and large deviations for particle sizes below 5 nm. The
discrepancies were resolved by including terms for uniform flow deposition in the entrance of
the tube, and for deposition on the front face of the tubes. Recent studies by Ramamurthi et
al. (1990a) have found that tube penetration theory does accurately predict the deposition
behavior of highly diffusive radioactive particles if the value of ~ < 0.05. For // > 0.05,
equation 6 systematically underpredicts the penetration of particles through the tube. Figure 2
shows the results of this test of penetration of a single tube as a function of the diffusion

parameter, ///D.

DEPOSITION OF ULTRAFINE PARTICLES ONTO WIRE SCREENS
An equation of penetration through wire screens based on the theory of fibrous filtration

was derived by Cheng and Yeh (1980) and Cheng et al. (1980). The penetration equation for a



Po—218 Cluster Aerosol

« First series =0.078 + 0.003 cmVsec
* Second series : D. =0.074 £ 0.004 cm”/sec

(Top to Bottom)
D (cm”/sec)

Figure 2. Assessment of penetration of radioactive particles into a cylindrical tube compared to
the theoretical predictions of Ingham (1975).

wire screen, with wire diameter df, thickness w, volume fraction ¢ and sampling face velocity U,

for ultrafine particles, dp < 0.1 pm, is given by,

P -] - = exn | - ('KVF1'2/3 fDI2/3 | %)
T
where KVF = U is the wire-velocity parameter (cml sl), (8)
[WF]H
WF = aw is the wire factor (cm 20). 9)
(1-a) df

and D is the particle diffusion coefficient. Equation 7 is valid for wire Reynolds numbers (Ref
= Updf/p, where p is the density of air) less than | (Emi et al., 1982). The fan model filtration
theory has been applied to wire screens and experimentally verified for particle sizes dp > 15
nm (0.015 pm) (Cheng and Yeh, 1980). Scheibel and Porstendorfer (1984) have further verified
the fan model for particle sizes dp « 4 nm. Recent work with charged and uncharged 218Po
clusters in the 0.5-1.5 nm size range has also indicated general agreement with the wire screen
fan model penetration equation 7 (Holub and Knutson, 1987, Ramamurthi et al., 1990a),

although calibration studies remain necessary for dp < 4 nm. The penetration characteristics for



a wire screen operating in the 0.5-100 nm size range can thus be determined from equations 7,
8, and 9. Typical penetration curves are shown in Figure 3.

Further, each screen-velocity combination can be conveniently parameterized by its
dp(50%) (Ramamurthi and Hopke, 1989), particle diameter for 50% collection efficiency,
because of the form of the penetration in equation 7. This parameter can be determined (using
a log-linear diffusion coefficient approximation) as,

32.193 + LN(KVF)
1.957

dp(50%) (nm) = 107 exp

for 0.001 < KVF < 0.325.

REVIEW OF PAST "UNATTACHED" FRACTION MEASUREMENTS
Diffusion Sampler Measurements

INTRODUCTION

Most of the early work on "unattached" fraction measurements has been carried out in
uranium mines. In the earliest studies including the work of Chamberlain and Dyson (1956),
the "unattached" fraction was determined by measurement of the penetration of the activity
through a right circular cylinder. Using the tube penetration theory of Gormley and Kennedy
(1949), the fractional penetration can be related to a parameter given by 7rDL/2Q, where L is
the length of the tube and Q is the volumetric flow rate through the tube. The diffusion
coefficient of the radon decay products are assumed to have a single, very much larger value
than the diffusion coefficients of the condensation nuclei to which the radon progeny becomes
attached. Thus, by comparing the amount of activity penetrating through a tube of given
dimensions at a given flow rate to the total airborne decay product activity, the fraction of
"unattached" activities could be estimated.

The amount of "unattached" radioactivity has been measured in this manner by a number
of investigators (Craft et al, 1966, Fusamura et al/, 1967, Duggan and Howell, 1969). A
problem that tends to confuse the literature of "unattached" fraction measurements is the
number of ways in which the "unattached" radioactivity is reported. The ICRP has defined the
"unattached" fraction as the fraction of the equilibrium number of 2I1§Po ions which are
unattached to particles (ICRP, 1959). However, the method used to measure the "attached"

fraction readily yields the fraction of "unattached" I§Po atoms to the total number of llI§Po atoms
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Figure 3. Fractional penetration through various mesh screens at a face velocity of 10 cm sl

actually present. Chamberlain and Dyson (1956) made the first report of "unattached" fraction
to be 0.1 using what became the ICRP definition (ICRP, 1959). It is important to carefully
determine in each case what the investigator means by "unattached" fraction in order to

compare results.

MINE ATMOSPHERES

Craft et al. (1966), using a diffusion sampler and an assumed diffusion coefficient of
0.045 cnfs'l, found a wide range of fractions of 0 to 0.73. However, they defined their fraction
as the fraction of "unattached" radon daughter alpha energy concentration to the total radon
decay products alpha energy concentration. They conclude that there is so much variability
from location to location and mine to mine that it is not possible to select any particular value
of "unattached" activity as being representative of actual mine conditions. They do observe that
in the presence of diesel smoke, the "unattached" fractions were low.

Fusamura et al. (1967) also used a tube diffusion sampler. They assumed a diffusion
coefficient of 0.054 cmVI| and found fractions of 2I§Po from 0.06 to 0.13 in active mine areas
where dust producing activities were in progress and from 0.09 to 0.25 in inactive areas of mines

according the ICRP definition. They found that drilling operations produced substantial oil



mists to which the radon progeny attached. In areas with pneumatic loaders or picks, the
"unattached" fractions were in the 0.09 to 0.13 range. It was anecdotally reported that in areas
where no work was being done, the "unattached" fraction reached as high as 0.5, but no specific
number was reported related to their measurements in particular locations in several mines.

George and Hinchliffe (1972), George et al. (1975), and George et al. (1977) of the
Health and Safety Laboratory (HASL, now the Environmental Measurements Laboratory)
describe an extensive series of measurements in active uranium mines in the Grants mineral belt
of New Mexico. In these studies, they used a diffusion sampler that is based on the studies of
deposition of "unattached" radon progeny in an impactor stage (Mercer and Stowe, 1969). The
collection efficiency as a function of sample flow rate is given in Figure 4. However, Subba
Ramu (1980) has built a similar device and he suggests that the device is about 90% efficient at
I L minl. He claims that the difference in efficiencies between the HASL devices described by
George and Hinchliffe (1972) and his sampler were due to his "extreme precautions to minimize
the presence of attached radon daughter products, which interfere with accurate calibration."
Thus, there exists some uncertainty in these measurements and may underpredict the
"unattached" fractions.

The results of the series of measurements are summarized in Figures 5 and 6. Figure 5
shows the "unattached" fractions of llI§Po, fa, as defined by the ratio of the total 2I§Po activity
collected in the sampler divided by the collection efficiency times the total airborne 2!8Po
activity as measured on an open face filter. Figure 6 shows the "unattached" fraction as defined
by ICRP (1959). These values are obtained by multiplying the fa values by the ratio of the total
airborne l§Po activity concentration (pCi/L) to the radon concentration (pCi/L). It should be
noted that the ICRP "unattached" fraction values are substantially lower than the fraction of
8Po that is "unattached".

Cooper et al. (1973) also used a Mercer and Stowe diffusion sampler to measure
"unattached" fractions in mines. They examined a mine in the Uravan Belt area of Colorado
(Mine A) and a mine in the Ambrosia Lake, New Mexico (Grants mineral belt) (Mine B). The
results of these studies also included detailed inorganic and organic analyses of the collected
particulate matter. Only 13 "unattached" fraction measurements are reported; 10 in mine A and

3 in mine B. Their results are summarized in Figure 7.
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Figure 4. Collection efficiency of the HASL diffusion samplers for 2I§Po as a function of flow

rate redrawn from data in George and Hinchliffe (1972). The lines are simple first order
regression lines drawn through each set of points.
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Figure 5. "Unattached" fraction of 2I§Po as defined by ICRP (1959) measured in New Mexico

uranium mines as a function of particle concentration. Data for this plot was taken from
George and Hinchliffe (1972) and George et al. (1977).
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Figure 6. "Unattached" fraction of 2l§Po as defined relative to total 2I§Po measured in New
Mexico uranium mines as a function of particle concentration. Data for this plot was taken
from George and Hinchliffe (1972) and George et al. (1977).
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Figure 7. "Unattached" fraction measurements of Cooper et al. (1973). All of the results are
the fraction of 2I§Po activity that is "unattached.”
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AMBIENT AND INDOOR ATMOSPHERES

Duggan and Howell (1969) first attempted to use electrostatic collection of the decay
products to determine the "unattached" fractions. However, as is now know (Hopke, 1989a &
b), neutralization of the decay products is sufficiently rapid in normal air that only a small
fraction of the highly diffusive fraction of the activity is charged. They then used a rectangular
channel diffusion battery to remove the "unattached" activity. The battery had 28 channels of
cross-section 0.07 cm by 5 cm and operated at a flow rate of 80 L minl. The penetration curve
for their battery is shown in Figure 8. They measured the "unattached" fraction in outdoor and
laboratory air at quite low radon concentrations (0.04 to 0.39 pCi/L). In the approximately 50
measurements that were made, they obtained values in the range of 0.07 to 0.40 with no
discernable relationship between "unattached" fraction and the radon concentration. No
measurements of the condensation nuclei concentrations are reported nor was there any
apparent attempt made to obtain size distribution results from the measurements. Thus, it is
difficult to use these values to assess the exposure to "unattached" progeny in either the

ambient atmosphere or in indoor air.

100.0

Particle Size (

Figure §. Calculated penetration values for the Duggan and Howell (1969) diffusion battery.
Open circles represent the initial calculation. Filled points are for a recalculation made to
include the measured non-uniformity of inlet airflow.
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Shimo and Ikebe (1984) and Shimo et al. (1985) present results of "unattached" fraction
measurements in an underground tunnel of the Mikawa Crustal Movement Observatory of
Nagoya University using a diffusion tube. They then used the tube as the body of a
proportional counter and followed the decay of the alpha activity in order to extract the
concentrations of the three decay products. The total activity of each decay product was
determined using the Thomas-modified Tsivoglou method (Thomas, 1970). Radon
concentrations were in the range of 73.5 to 251 pCi/L. The aerosol concentrations were
measured with a Pollak-type condensation nuclei counter and were found to be in the range of
2,000 to 10,000 cm3. The "unattached" fraction of I§Po compared to total 2l§Po was determined
as 0.49 + 0.14; of 2l4Pb was 0.067 == 0.019; and of 24Bi was 0.032 == 0.009. The "unattached"

fraction of potential alpha energy concentration was 0.12 with a range of 0.09 to 0.14.

Wire Screen Measurements

INTRODUCTION

The diffusion samplers were fairly cumbersome devices to use and therefore a simpler
and more portable system was developed based on the collection of the activity on wire mesh
screens. Wire mesh screens have become the most commonly used method for estimating
"unattached" Rn daughter fractions. The early development of these systems was described by
James et al. (1972), Thomas and Hinchliffe (1972), and George (1972). Thomas and Hinchliffe
(1972) also developed a semi-empirical equation for the "unattached" 118Po collection efficiency
of wire screens that was widely used by researchers before the development of equation 7. The
Thomas-Hinchliffe equation, compared to the Cheng-Yeh equation 7, overestimates wire screen
collection efficiencies for particle diameters, dp < 1.0-2.0 nm and dp > 5.0-7.0 nm, for most
screen-velocity combinations. A comparison of the Thomas-Hinchliffe equation compared to the
Yeh-Cheng theory is provided in Figure 9.

A number of wire screen measurement studies of the "unattached" 218Po fraction are
reported in the literature (James et al. 1972, George 1972, Raghavayya and Jones 1974, Bigu
and Kirk 1980, Stranden and Berteig 1982, Bigu 1985, Reineking ef al. 1985). Table | is a
compilation of the wire screen parameters and face velocities used in these studies. Each
screen-velocity combination is characterized by its dp(50%) parameter obtained from equation

10. Nominal values for commonly undocumented parameters such as w and a were taken from
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Figure 9. Comparison of Thomas-Hinchliffe empirical calibration and Yeh-Cheng screen
penetration for a 120 mesh at a face velocity of 10 cm-sl.

wire screen manufacturers’ catalogs for screens with the appropriate combination of mesh
number and wire diameter reported in the studies.

Figure 10 shows the calculated particle collection efficiency characteristics for each of
the studies listed in Table 1, determined using the Cheng-Yeh theory discussed earlier. The
collection efficiencies for the 60 mesh screens used by George (1972) and the 150 mesh screens
used by Bigu (1985) are also plotted, although the wire Reynolds numbers are greater than I.
Wire screens with collection efficiencies that differ only slightly have been plotted together for
comparison purposes. The collection efficiencies of the screens are between 70-90% and 6-
12%, respectively, for | nm and 10 nm diameter particles and decrease rapidly in the 1-3 nm
size range.

The concept of an "unattached" fraction measurement is to have a system that will
collect all of the highly diffusive activity without collecting any activity attached to "particles."
The separation of aerosol size distributions into well defined modes has been used to great
advantage in studying the much larger sized modes (> | /xm) in the ambient aerosol. However,

such measurements are possible because the separation of large particles are based on their
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Table 1. Wire screen parameters and face velocities used in published wire screen "unattached'
fraction measurements. Underestimation of "unattached" fraction is based on a log-normally
distributed mode with dm=1.0 nm and crg=1.5.

Study MESH df
NO.
(fim)
James et al. (Ja72) 200 50.8
(1972)

George (1972) (Ge72a) 60
George (1972) (Ge72b) 80

Raghavayya and (Ra72) 120
Jones (1974)

Bigu and Kirk (Bi80) 150
(1980)

Stranden and  (St82) 174
Berteig (1982)

Bigu (1985) (Bi85) 150
Reineking et (Re85) 188
al. (1985)

178.0

127.0

94.0

76.0

56.0

76.0

50.0

U

(cm s'l)

12.0

11.5
11.5

12.2

9.6

21.0

273

8.5

dp(50%)

(nm)

2.7

1.7

1.9

2.0

2.8

23

1.6

2.0

"Unattached" Mode
Underestimation
100 - % Coll,j

% Coll.
(%)

15

45
36

29

14

22

48

31

Nominal values for w and a obtained from screen manufacturers’ catalogs.

inertial properties. In this case devices with sharp cut-points such as cyclones or impactors can

be designed (Lodge and Chan, 1986).

However, because of the stochastic nature of diffusional

deposition, the collection curves for wire screens or tubes are much more gradual functions of

particle size. To illustrate the problem with using a single screen for making such a

dichotomous measurement, Figure 11 shows the collection efficiency curves with dp(50%) along

with the characteristics of a log-normally distributed aerosol with a median diameter of 1.0 nm

and a geometric standard deviation of 1.5 in the range suggested by Reineking and
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Figure 10. Collection characteristics for the wire mesh screen systems used in a number of the
reported "unattached" fraction measurements.
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Figure 11. Collection efficiency curves for "typical" wire screens characterized by dp(50%) values
of 1, 2, 3, and 4 nm and presentation of a log-normal size distribution characteristic of the
"unattached" fraction.
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Porstendbrfer (1986).

1

It can be seen that the use of wire screens will underestimate the "unattached" fraction
if it indeed consists of an ultrafine cluster mode in the 0.5-3 nm size range (Reineking and
Porstendbrfer 1986). The cumulative collection of activity as a function of size is presented in
Figure 12. The underestimation of the "unattached" cluster mode in each of the studies is
presented in Table 1. The wire screens used in these studies would underestimate such an
"unattached" cluster mode by 14-48%, depending on the dp(50%) parameter for the particular
screen-velocity combination. The choice of a single, optimized screen dp(50%) parameter that
maximizes the collection of the "unattached" mode while minimizing the collection of "attached"
activity may hence be beneficial for single screen "unattached" fraction measurements.

To facilitate the appropriate choice of this parameter, the collection efficiency of a log-
normally distributed aerosol particle mode was determined as a function of wire screen dp(50%)
as shown in Figure 12. It appears from this figure that a wire screen dp(50%)= 4 nm is an
optimal choice yielding about 90% collection of the "unattached" mode (d”™1 nm, ([g=1.5, 0.5 <

dp < 3 nm), while minimizing the collection of activity in the second aerosol mode (dm=25 nm,

"U nattached!'
Frc ction : Wire Screen

d =1.5 nm

Particle Diameter (nm)
Figure 12. Cumulative collection fraction of an ultrafine activity mode having a median
diameter of 1.0 nm and geometric standard deviation of 1.5 for various wire screen systems
characterized by their dp(50%) values.
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<Je=1.75, 10 < dp < 60 nm) to less than 8%. Activity in the latter size range may be significant
in indoor air following cooking, as reported by Tu and Knutson (1988a). The collection of
activity "attached" to the larger aerosol particle mode (dm=125 nm, ag=2.0, 40 < dp < 400 nm)
is minimal for dp(50%) < 10 nm, and is about 1% for dp(50%)= 4 nm. This result is
consistent with the calculations by Van der Vooren et al. (1982) for the collection of "attached"
activity in this size range by wire screens sampling the "unattached" mode. In sampling dusty
atmospheres with particle sizes, dp > 0.5 /iin (500 nm), collection by impaction and interception
may become significant, but for wire screens with df > 100 “m, a < 0.3 and U < 10.0 cm s the
wire screen collection efficiency for a 5 pm particle is less than 5%. More recent work by

'

Reineking and Porstendbrfer (1990) suggests that there can be errors in "unattached" fraction
measurements caused by inertial collection of radioactivity-carrying particles > 100 nm.
Another consideration of wire screen systems are the activity measurements.
Measurement of the activity collected by a wire screen is complicated by the deposition of
activity on the front and back faces of the screen as well as alpha absorption losses in the
screen weaves. The ratio of activity collected on the front and back faces of a wire screen has
been found to be clearly dependent on both the screen parameters and the activity distribution
sampled by the screen (Holub and Knutson 1987). For single wire screen samplers, analysis of
the total or reference filter (A,) and the wire screen backup filter (Abf) activities would yield
more reliable estimates of the "unattached" fraction and would help circumvent the problems
associated with analyzing the wire screens themselves for collected activity. However, depending

on the amount of activity that attaches to the screen may lead to low statistical precision in the

activity determination on the screen back-up filter.

MINE ATMOSPHERES

Raghavayya and Jones (1974) made measurements in three mines in Colorado and New
Mexico of radon, decay product concentrations, "unattached" fractions of each decay product,
and condensation nuclei concentration. They used the Thomas and Hinchliffe (1972) approach
to calculate collection efficiency. However, since they calculate that they will obtain 92.59%
collection for D=0.06 cmV activity, they assume in the high particle concentration atmospheres
in the mine, there is 100% collection of "unattached" and no collection of "attached" activity.

They counted the wire screens and had difficulties getting the total activity measured with a
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separate filter to match the sum of the activity on the screen plus that on the backup Liter.
They developed an empirical correction factor of the form

tan (0.9fa) = k§ W + k! (11)
where kj and k) are constants depending on which decay product is being measured, and W is
the ratio of the activity on backup filter to that on the screen. This approach was then used on
the mine data to obtain the values they present. They present the data as the fraction of
activity for each decay product that is "unattached" and a total "unattached" fraction relative to

radon.
ft = DFf + TbEbfb-+-TcFefe— (12)

TaFa + TbFb + TCF(
Mercer (1975) has noted that the form of a correction factor in equation 12 leads to minimum
values of fa. He provides an alternative analysis of their calibration data and a new set of f
values. These values are presented in Figure 13 as a function of the condensation nuclei count
as measured with a Gardner CN counter. However, other problems have been noted in the
results. Kotrappa and Mayya (1976) has examined the equations used to calculate the 2I8Po,

J4Pb, and 214Bi concentrations and found errors in the Raghavayya and Jones equations. They

04 -

0.2 .

1000

Condensation Nuclei Concentration (cm ")

Figure 13. "Unattached" fraction measurements of Raghavayya and Jones (1974) as corrected by
Mercer (1975) as a function of particle concentration.
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have recalculated the concentrations of the decay products, working levels, and a revised set of
total "unattached" fractions that they incorrectly describe as following the ICRP (1959)
definition. The corrected total "unattached" fractions are presented as a function of the
condensation nuclei concentration in Figure 14.

In general, the 218Po results show the largest "unattached" fraction compared to the
longer-lived 214Pb and 2l4Bi. The ranges of the fractions of "unattached" atoms to atoms present
are as follows:

0.0013 < 2180 < 0.554
0.0006 < fil4h < 0.314
0.0008 < fll4Bi <0.164

Further examination of the Raghavayya and Jones (1974) results still suggest problems in

their measurements. For example, it would be expected that as the condensation nuclei count

increases, there should also be an increase in the equilibrium fraction as defined by

F = 0.105c, + 0.516¢k + 0.379c. (13)
CRn

15 -

1000

Condensation Nuclei Concentration (cm ")

Figure 14. Total "unattached" fraction, ft, as measured by Raghavayya and Jones (1974) with
corrected values of Kotrappa and Mayya (1976).
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The equilibrium fraction as a function of condensation nuclei concentration is presented in
Figure 15. It can be seen that there is no clear trend in the data. From prior measurements of
attachment coefficients (Raabe, 1969; Porstendbrfer and Mercer, 1979), it would be anticipated
that there should be a substantial increase in the equilibrium factor with increasing particle
concentrations. These results thus suggest a substantial problem in either the radon progeny
measurements or the field measurements of the number of condensation nuclei.

Bigu and Kirk (1980) have measured "unattached" fractions in two Canadian mines using
both a diffusion sampler and a wire screen system. The collection efficiencies of the diffusion
and wire screen samplers were reported to be 53% and 95%, respectively, when operated at a 2
L minl. Their 2I§Po "unattached" fraction results are presented in Table 2. In general, there is
reasonable agreement between the two measurements. Unfortunately, there are only limited
condensation nuclei measurements and no radon measurements were reported. Thus, the ICRP
f values cannot be calculated nor can the equilibrium fraction be determined. The values are
similar to the other values reported for active working areas of mines.

Other measurements were performed in one Canadian mine by Busigin et al. (1981b).

They used a parallel plate diffusion batteries. Their measurements were in active mining areas

0.8 .

0.6 .
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Figure 15. Equilibrium fraction calculated from the data of Raghavayya and Jones (1974) as
corrected by Kotrappa and Mayya (1976) as a function of the condensation nuclei count.
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Table 2. "Unattached" fraction measurements reported by Bigu and Kirk (1980).

"Unattached" Fraction Condensation Mining Area of
Mine Test No.a D.Sbh  W.S( Nuclei (cml) Operation Mine
A | .09 .07 2.5x105 Drilling & "Non-Diesel
Slushing
B 2 .064 - 3.0x105 Drilling "Non-Diesel
A 3 .058 - - Drilling "Non-Diesel
A 4 .014 025 - Roof Bolting 'Non-Diesel
A 5 .0047  .0047 - Mucking 'Diesel’
A 6 .006 .0025 - Mucking &  ’'Diesel
Drilling
A 7 .0067  .007 - Mucking, 'Diesel’
Drilling, &
Roof Bolting

2 Each test represents one day during which a number of measurements were made.
b Diffusion sampler measurements.
¢ Wire screen measurements.

with high particle concentrations (approximately 106 nuclei cml). Under these conditions, they
found no distinct "unattached" fractions with an upper limit of | to 2%. Subsequently, the same
group has made more extensive measurements in two mines using a wire screen sampler (Khan
et al, 1987). Although this paper followed the publication of the detailed theory of wire screen
collection in the early 1980s, this group continued to use the Thomas and Hinchliffe collection
efficiency curve. Thus, the penetration efficiencies have some error and lead to an

'

underestimation of the "unattached" fraction by approximately 10 to 15%. Subsequent
measurements by Bigu (1985) also found very small values of "unattached" progeny ( .< 0.01)
with aerosol concentrations in excess of 105 cm3.

Stranden and Berteig (1982) made a series of 33 measurements in an iron ore mine in

Norway. They also use the Thomas and Hinchliffe collection efficiency and report the fractions
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of "unattached" l§Po, 214Pb, and 24Bi and the fraction of "unattached" potential alpha energy
concentration (PAEC). The "unattached" PAEC is obtained from the individual concentrations

as follows:

1.05 Cf + 5.16 CJ + 3.8 CJ
= (14)
1.05 Ca + 5.16 Q + 3.8 Ct
The distribution of values for these four variables are presented in Figure 16. In this case,
condensation nuclei concentrations were not measured. However, they did obtain very

reasonable relationships for fa and fp with the respirable dust concentration (particles < 7 “m) in

mg nr). Their results are summarized in Table 3.

AMBIENT AND INDOOR ATMOSPHERES

Only a limited number of measurements of "unattached" fractions in single family homes,
apartments, offices, and other non-mine locations have been performed. Porstendarfer and
coworkers (Reineking et al., 1985; Reineking and Porstendarfer, 1986; Porstendarfer, 1987;
Reineking and Porstendarfer, 1990) have made measurements of both "unattached" fraction and
the total activity size distribution for a series of rooms in unoccupied houses. In these studies,
they have varied the ventilation rate and added aerosol sources to the room. From the results
of the measurements on the radon progeny, radon, and particle concentrations, they have then

calculated the "unattached" fraction of 2§Po, 214Pb, and potential alpha energy and the

Table 3. Values for the mean and median "unattached" fractions as measured in a Norwegian
iron ore mine by Stranden and Berteig (1982).

Species Mean Median
21§Po 0.123 0.063
214Pb 0.057 0.032
214Bi 0.032 0.018
PAEC 0.059 0.038
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trifc tions of the "unattached" fractions of the three radon decay products and
an iron ore mine. Redrawn from the graph in Stranden and Berteig (1982).
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equilibrium fractions. The results of the "unattached" fraction of PAEC as a function of
condensation nuclei concentration in five rooms with and without aerosol sources are shown in
Figure 17. Figure 18 presents the equilibrium factor as a function of particle concentration for
these same rooms. In their later reports (Porstendarfer, 1987), three additional rooms have
been characterized with similar results. In their most recent report, Reineking and
Porstendarfer (1990) also provide some results for a limited number of measurements in the
ambient atmosphere. These results are presented in Table 4.

Vanmarcke et al. (1985; 1987; 1989) have utilized a screen diffusion battery with
characteristic dp(50%)=4 nm for "unattached" fraction measurements in indoor air. In addition
aerosol size distributions are made with an automated aerosol spectrometer system (Raes ef al.
(1984). They measured the "unattached" fraction of PAEC and reported that their results
indicate "that the fraction of unattached radon daughters is higher than assumed in earlier
studies". A sequence of "unattached" fraction measurements made in a single Belgian house is
shown in Figure 19 (Vanmarcke ef al, 1985). Additional studies made in the same house andin
several other locations including their laboratory and a railroad station as well as a second room.
Figure 20 summarizes the equilibrium and unattached fraction measurements plotted as a

function of the attachment rate inferred from the aerosol number distribution. Unfortunately,

Table 4. Concentrations of radon, "attached" and "unattached" activities, fp, F-values and
particles measured in the ambient atmosphere near Gottingen (I m above the ground during
daylight) by Reineking and Porstendbrfer (1990).

Period ~Rn} 218Poa  218Pof 214Pba  U<'Pbf  214Bia Z fp F No. of
(Bqnr3) (Bqnr3) (Bqnrl) (Bqnr3) (Bqnv3) (Bqnrl) (103cnr3) Values
February 14.6 6.8 0.8 7.5 0.1 8.1 41. 0.012 0.51 8

1986 (4.2-37.7) (1.4-21.5) (0.0-3.0) (1.9-24.1) (0.0-1.6) (2.0-22.4)(14.-71.) (0-0.098)(0.37-0.67)

October 113 78 15 8.4 0.2 9.1 41. 0.031 079 13
1986 (2.0-23.6) (0.8-18.2) (0.0-5.6) (1.1-17.6) (0.0-1.7) (0.8-20.6)(7.5-89.) (0-0.180)(0.51-1.15)

July 6.9 3.9 0.6 4.3 0.1 4.6 23. 0.014 0.64 15
1988 (1.0-17.2) (0.4-19.7) (0.0-1.9) (0.6-20.6) (0.0-2.0) (0.6-20.1)(7.7-93.) (0-0.216)(0.23-1.19)

Mean 102 6.0 1.0 6.5 0.1 7.0 34. 0.020 0.67 36
(1.0-37.7) (0.4-21.5) (0.0-5.6) (0.6-24.1) (0.0-2.0) (0.6-22.4)(7.5-93.) (0-0.216)(0.23-1.19)
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Figure 17. "Unattached" fraction of potential alpha energy concentration, fp, as a function of
the condensation nuclei concentration. Data taken from Porstendarfer (1987).
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Figure 18. Equilibrium factor as a function of condensation nuclei concentration. Data taken
from Porstendarfer (1987).
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Figure 19. Time sequence of measurements in a Belgian house. Figure taken from Vanmarcke
et al. (1985) and used with permission.
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Figure 20. Equilibrium factor and the "unattached" fraction of potential alpha energy

concentration as a function of the estimated attachment rate based on measured aerosol size
distributions.
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none of the publications by this group provide actual values of these variables nor summary
statistics of their measurements.

The Gent group (Vanmarcke and coworkers) has intercompared their measurement
methodology with the group from Gottingen (Reineking and Porstendarfer). The results of this
intercomparison study have been presented by Vanmarcke ef al. (1988). The results of the
intercomparison of radon and radon decay product concentrations are presented in Figure 21.

It should be noted that Gent values for 2I8Po are consistently higher than the Gottingen values
while their radon concentrations vary between higher and lower values. There thus appears to
be a consistent measurement problem that leads to high lI§Po results and systematically high )
values as shown in Figure 22. It can be seen that the Gent values are generally higher than the
Gottingen values particularly in the absence of an additional aerosol source. The Gottingen
unattached fraction values are generally in good agreement with those observed in other studies.
Thus, although there is excellent agreement for their equilibrium fraction results, it appears that

the Vanmarcke fp values are high and may overestimate the true value by greater than 50%.

smoulding cigarettes

400-
600- 300

27-JUL-87 28-JUL-87 29-JUL-87
TIMELh)

Figure 21. Radon and radon decay product concentrations measured during the Gent-Gottingen
intercomparison study. Filled symbols are Gent; Open symbols are Gottingen. Figure taken
from Vanmarcke et al. (1988) and used with permission.
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Figure 22. Evolution of the "unattached" and equilibrium fractions as measured in the Gent-

Gottingen intercomparison study. Figure taken from Vanmarcke ef al. (1988) and used with
permission.

Stranden and Strand (1986) measured the "unattached" fraction and the equilibrium
factor in occupied dwellings and an underground hydro-electric generating station and compared
these results to their underground mining results. There are no descriptions of the housing
units, the locations in which sampling occurred, nor the "normal activities" that were on-going in
the dwellings and the generating station. They fit their data to an equation of the form

ff = aP (15)
where a and b are empirical coefficients. They linearize the equation using a logarithmic
transformation and perform least-squares fits to the data. Such a process will produce a biased
results because the uncertainties are not uniform and do not propagate linearly through a

logarithmic transformation. The results they obtain are as follows:

Dwellings: fp = 0.0172F134
Hydro-electric station: f) = 0.0455P1-3
Mine: fp = 0.016PI112
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If the same analysis is applied to the data obtained by Reineking and coworkers (1985; 1990),
an equation of the form, f) = 0.0177F)5 with a correlation coefficient of 0.80, is obtained.
Thus, quite close agreement has been obtained for these different indoor spaces. These results
indicate that the size distribution of the indoor aerosol must be similar in these houses although
the concentration may vary.

Kojima and Abe (1988) have developed an automated tape sampler for the a-
spectroscopic measurement of the time sequence of "unattached" fraction in Japanese houses.
They use a 500 mesh screen at a face velocity of 29.7 cm sl. They also use the Thomas and
Hinchliffe calibration curve to estimate a collection efficiency of 99%. They calibrated the
counting efficiency of activity on the screen. The correction factor for undetectable activity on
the back of the screen was determined to be 0.79 4" 0.21. As in the other measurements of the
front-to-back ratio (Holub and Knutson, 1987), the amount of activity on the back side of the

1

filter is dependent on the actual size of the "unattached" mode. There is also a loss of activity
in the sampler’s inlet. The correction factor for the sampler head loss is 0.82 + 0.10. They
were able to measure 2 Bq nv} of 2I§Po and 0.3 Bq nr} of 214Pb with a relative standard deviation
of 50%.

The instrument was then deployed in a detached, two-story concrete house with typical

1

Japanese life style use. Figure 23 provides the diurnal variations of the "unattached" fractions
of each of the three decay products and the aerosol concentration. The summary of
"unattached" fraction measurements made over 7 months (November 1986 to May 1987) are
presented in Table 5. It should be noted that during this 7 month period the total 2I§Po
concentration drops from 11.1 Bq m3 in November to 3.9 Bq nr3 in May. Thus, concentrations

in this house are very low and Japanese construction and life style are quite different from that

in the United States.

Conclusions

"Unattached" fraction wire screen measurements must be tempered with the recognition
that a) the "unattached" fraction is in reality an ultrafine cluster mode in the 0.5-3 nm size
range, b) the collection efficiency versus particle diameter characteristics for wire screens do not
allow a distinct separation of the "unattached" and "attached" fractions, and c) there can be

collection of large particles ( > 100 nm) on screens through inertial impaction (Reineking and
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Figure 23. Diurnal variation of the "unattached" fractions of each of the radon decay products
and the aerosol concentration. Left axis for Unattached; right axis for Total. Figure taken
from Kojima and Abe (1988) and used with permission.
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Porstendorfer, 1990). Through appropriate choice of screen operating parameters, efficient
collection of the 0.5-3 nm activity fraction may be obtained, while minimizing the collection of
"attached" activity. Reineking and Porstendarfer (1990) suggest an approach for correcting the
measured "unattached" fractions of 2I§Po and 214Pb by assuming that in normal indoor aerosol
particle concentrations (> 1000 cm3), all of the 214Bi is "attached." Thus, any apparent
"unattached" 214Bi is really inertially collected larger particles. Then a correction can be made
assuming that the "attached" size distributions for 2I§Po and l14Pb are the same as that of 214Bi.
The "unattached" concentrations are then given by

CC
G = G- (q-¢cM) (16)
Cc “ Ccyc

where (j is the total activity of either 2§Po or 2l4Pb, and the subscript sc denotes that activity
deposited on the screen.

In general it appears that the "unattached" fraction of potential alpha energy
concentration measured in active working areas of uranium mines are lower than in "typical"

indoor air. It appears that the "unattached" fraction values in mines are approximately 3 times

Table 5. Summary results of the "unattached" fractions measured in a single Japanese house
(Kojima and Abe, 1988).

Period No. of "Unattached" "Unattached
Values U§Po  214Pb PAEC
Nov. 1986 142 0.12  0.025 0.032
Dec. 168 0.11  0.028 0.034
Jan. 1987 144 0.12  0.035 0.043
Feb. 240 0.078 0.024 0.031
March 200 0.13  0.029 0.045
April 190 0.19  0.041 0.055
May 227 0.21  0.040 0.064
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smaller than those measured in houses. The more recent measurements also suggest that the
equilibrium factor in houses without smokers is lower than the commonly used value of 0.5 and
is probably in the range of 0.30 to 0.40. Thus, although there is less airborne activity in indoor
air per unit radon activity concentration, more of it is in the more diffusive form. However,
there are relative few measurements of the behavior of radon progeny in houses under normal
occupied living conditions over a prolonged period of time. The only such measurements are
those of Kojima and Abe (1988), and the house and life style examined does not correspond to
conditions in the United States. Thus, there is a need for much better information on the size
distributions of the activity in the atmospheres of occupied houses in the United States.

To better define the actual behavior of the airborne activity, multiple wire screens can
be used in diffusion battery-type systems to comprehensively determine the activity size
distribution in the 0.5 - 500 nm size range as described by Reineking and Porstendarfer (1986),
Kulju ef al. (1986), Tu and Knutson (1988a), Strong (1988), Ramamurthi and Hopke (1990a),

and others. These measurements will be discussed in the next section of this report.

ACTIVITY-WEIGHTED SIZE DISTRIBUTIONS

Although the focus of this report is on "unattached" fractions, it is important to note
that methods have been developed by which the entire radioactive aerosol size distribution can
be deduced from data regarding the collection of activity on or it's penetration through a series
of screens. From these distributions, that portion of the size range that is to be defined as
"unattached" can be calculated. Early measurements of the activity-weighted size distributions
were made with conventional aerosol sampling systems such as tube or screen diffusion batteries
(George and Breslin, 1980). Since condensation nuclei counters are commonly used as the
particle detector for the corresponding number distributions, their rapid decrease in counting
efficiency below 10 nm limits their utility to particle diameters > 5 nm. Thus, these systems
were typically designed with a minimum size "particle" of 10 nm in mind.

The first activity size measurements in indoor and ambient air were made by Sinclair et
al. (1977) using a specially designed high volume flow diffusion battery. They observed bimodal
distributions with activity mode diameters of 7.5 and 150 nm in indoor atmospheres and 30 and

500 nm outdoors in New York City. Similar results were reported by George and Breslin
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(1980). Becker ef al. (1984) only observed the larger mode using a modified impactor method
with a minimum detectable size of 10 nm. Their measurements were made in Gottingen, West
Germany. More extensive measurements in New York City by the group at the Environmental
Measurements Laboratory (EML) have been reported by Knutson et al. (1984) using several
different types of diffusion batteries as well as cascade impactors. They again observe modes
around 10 nm and 130 nm in the PAEC-weighted size distribution measured with a low volume
screen diffusion battery. Four samples taken with a medium volume (25 L minl) screen
diffusion battery showed a major mode at 80 to 110 nm and a minor mode containing 8 to 9%
of the PAEC with a diameter < 5 nm. Finally, the same group made measurements at Socorro,
NM (George et al.., 1984). They report that the major mode was only slightly different from
that found in New York, but the minor mode was always < 5 nm, distinctly smaller than the
New York distributions.

One of the problems with the extension of screen diffusion batteries to smaller particle
sizes is the substantial collection efficiency of the high mesh number screens typically used in
diffusion batteries designed to cover the range of particles size from 5 to 500 nm. At normally
used flow rates, a single 635 mesh screen has greater than 90% efficiency for collecting | nm
particles, the size of "unattached" 2I§Po having a diffusion coefficient of the order of 0.05 cmV.
Thus, once the Yeh-Cheng screen penetration theory had been validated to 4 nm by Scheibel
and Porstendorfer (1984) and the limitations of high mesh number screens were recognized, it
was then possible to begin to examine alternative diffusion battery designs that could be
extended to smaller particle diameters.

Reineking et dl. (1985), Reineking and Porstendorfer (1986), Reineking ef al. (1988) use
the high volume flow diffusion batteries described in Reineking and Porstendorfer (1986) to
obtain activity size distributions. They obtain their size distributions by fitting log-normal
distributions using a SIMPLEX algorithm. Size distributions of indoor air in rooms without and
with additional aerosol sources are presented in Figures 24 and 25. From these results, it would
be surmised that the "unattached" fraction is the mode with median diameter 1.2 nm and
geometric standard deviation of 1.5.

Holub and Knutson (1987) report the development of low flow diffusion batteries with
low mesh number screens and extension of the EML batteries to smaller sizes. Tu and Knutson

(1988a & b) have used the 25 L minl screen diffusion batteries to measure the I§Po-weighted
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Figure 24. Activity-weighted size distribution of the indoor aerosol in a closed room without
additional aerosol sources. Figure taken from Reineking and Porstendarfer (1986) and used

with permission.
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Figure 25. Activity-weighted size distribution of the indoor aerosol in a closed room with an
additional aerosol source. Figure taken from Reineking and Porstendarfer (1986) and used with

permission.

36



size distributions in the presence of several specific aerosol sources. The results of these
measurements are presented in Figures 26 and 27. The presence of a mode around 10 nm is
again observed in curve | in Figure 26. Only in curve | (no active aerosol sources) in Figure
27 is a mode at 1| nm observed. In all of the other cases, the activity is attached to the aerosol
present in the house. The attachment was confirmed by independently measuring the aerosol
size distributions using an electrical aerosol analyzer (Liu and Pui, 1975) and the attachment
coefficients recommended by Porstendorfer ef al. (1979). The agreement between the measured
and calculated activity weighted size distributions were excellent.

Several other groups including the National Radiation Protection Board (NRPB) of the
United Kingdom and the Australian Radiation Laboratory (ARL) have also developed these
graded screen diffusion batteries for activity size distribution measurements. An intercomparison
between these three groups (EML, NRPB, and ARL) has been performed (Knutson et al,
1988). This initial comparison found difficulties for particles having size > 500 nm and < 20

nm. For the large particles, the problem arises from impaction on the screen and thus there is
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Figure 26. l§Po-weighted size distributions measured in house I. 1. cooking (5 min.); 2. frying
food; 3. cooking soup; 4. cigarette smoldering. Figure taken from Tu and Knutson (1988a) and
used with permission.
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Figure 27. 8Po-weighted size distributions measured in house Il after a kerosene heater was
operated for: 1. 0 min; 2. 80 min; 3. 200 min. Figure taken from Tu and Knutson (1988a) and
used with permission.

an apparently excessive collection of activity in the ultrafine size range. For the smaller particle
size range, there were several unexplainable discrepancies among the measurements.

Further tests of the single screen methods were performed by Holub et al. (1988) in
which EML, ARL, and the U.S. Bureau of Mines (BuMines) made measurements in a chamber
at ARL. The results agreed well as to the size of the "unattached" progeny. There were
differences of about a factor of two in the measured amounts of airborne activity, but these
differences were attributed to differences in sampling location rather than difficulties with the
various screen configurations. The single screen measurements showed significant differences
from the conventional screen diffusion battery measurements for the "unattached" fraction size,
but were in good agreement for the "attached" mode sizes. This results can be anticipated
because of the lack of resolution for the diffusion battery below 5 nm.

Several more recent intercomparison studies involving these three groups, the US
Bureau of Mines Denver Research Center (BuMines), Dr. P.K. Hopke’s group (then at the
University of Illinois) and the Inhalation Toxicology Research Institute at Albuquerque (ITRI)

have found excellent agreement among the various activity weighted size measurements as well
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as with the size distributions inferred from measurements of the particle size distribution using a
differential mobility analyzer (Ramamurthi ef a/, 1989). Thus, the results of these studies
suggest it is now possible to measure activity-weighted size distributions from 0.5 to 500 nm.

Several automated systems to make use of this methodology have been developed.
Strong (1988) using 6 sampling heads containing 0, 1, 3, 7 18, and 45 stainless steel, 400 mesh
wire screens. He has measured the size distributions in several rooms in two houses at two
times of the year. The size distributions observed in the kitchen are presented in Figure 28.
These results are summarized in Table 6. It should be noted that in the "kitchen" curve in
Figure 28, a trimodal distribution is observed; a true "unattached" fraction at | nm, a nuclei
mode at 10 nm, and an accumulation mode at 100 to 130 nm. In the table, the "unattached"
fractions presented are the integrated values from the size distributions. A problem then arises
as to what "unattached" means since Strong integrates the distribution up to > 10 nm to obtain
that fraction that he attributes as being "unattached." For the kitchen with cooking distribution,
the activity median diameter for the "unattached fraction is given as 11 nm. Such attribution is
a clear departure from the original purpose for defining an "unattached" fraction. The advent
of these measurement systems requires a more precise definition of the meaning of the

"unattached" fraction.

Table 6. Summary of activity size measurements made by Strong (1988) in two houses in the
United Kingdom.

Site Ambient Aerosol Attached Unattached
Median (nm) GSD N (cmj) AMD (nm) GSD f (%) AMD (nm)

Rural (summer)

Bedroom 42 2.0 5000 130 24 17 2.0
Living Room 30 2.0 5100 150 2.1 17 2.0
Kitchen 33 1.7 11000 130 2.0 18 6.0
Kitchen (cooking) 30 1.7 470000 110 1.9 11 11.0
Rural (winter)

Living Room 32 1.7 4700 130 2.1 20 2.0
Urban (winter)

Living Room 30 2.1 15000 110 2.1 20 3.5
Mean of all sites 33 2.0 8200 130 2.1 18 3.1
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Figure 28. Activity size distributions measured in a rural house kitchen by Strong (1988). Used
with permission.

Subsequent to these original measurements, Strong (1989) modified his system by
changing the screens to | 200-mesh screen and 1, 4, 14, and 45 400-mesh screens as well as the
open channel. This modification provides a stage such that there is better resolution at the
smallest sized particles such that the range of the system can be extended to 0.5 nm. The
effective resolution cut-off of the original battery was about 2 nm. With the new battery, tri-
modal distributions are clearly observed (Figure 29). Although these measurements were made
in the living room, the kitchen is adjacent and cooking with a gas stove was being performed at
the time of these measurements. These results show the advantage of being able to measure
the size distribution and determine the actual exposure of individuals to airborne radon progeny
activity.

A similar system has been developed at the Australian Radiation Laboratory by Solomon
(1989, personal communication). It is designed for measurements in the size range of 2 to 600
nm. The measurements have been extended to a smaller size range (0.5 to 100 nm) using a
manual, serial single screen array sampling at | to 6 L minl and to lower concentrations in the

same size range using larger screens (9.5 cm diameter) and a 100 L minl flow rate. Dr.
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Figure 29. Tri-modal activity size distribution measured by Strong (1989) under conditions of a)
F=0.36, CN=10,000 cm3; b) F=0.26, CN=5000 cm}.

Solomon has examined both the Twomey (1975) and Expectation Maximization (Maher and
Laird, 1985) algorithms for deconvoluting the size distributions from the screen penetration data.
In both cases, he has developed a Monte Carlo method for determining the stability of the
inferred size distributions. New input values for the concentrations found on each stage are
chosen from a normal distributions using the measured radon decay product activity as the mean
value and the measured uncertainty as the standard deviation of the distribution. This process
can be repeated a number of times to provide a measure of the precision and robustness of the
estimated size distributions.

A semi-continuous automated system has been developed at the University of Illinois by
Ramamurthi and Hopke (1990a). This system consists of 6 sampling heads with various
combinations of screens described in Table 7 along with their corresponding dp(50%) values.
Activity size distributions were determined in a single house using this system. The
measurements were conducted in a three-level residence in Princeton, NJ. The house (PU-22)
is instrumented by the Center for Energy and Environmental Studies, Princeton University for

continuous measurements of the radon concentration, temperature, humidity and differential
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pressures. Activity size distributions were measured in the basement and first floor of the house
over a | week period (9/13-9/20/89). Grab samples for decay product activity concentrations
were taken intermittently and analyzed by the gross alpha-photomultiplier tube method for a
comparison with the total concentration estimates from the automated system. The detectable
particle number concentration in the sampling environment was continuously monitored by a
Environment One Model 100 Condensation Nuclei Counter (CNC).

Initial activity size distribution measurements were made in the basement of the home.
Number concentrations of particles in the basement varied between 2000-8000 cm'* as detected
by the CNC. The lack of windows or other major openings to the outside is thought to be
responsible for the low concentrations. Radon concentrations varied between 5-500 pCi/l during
the seven day period with the time period for fluctuations being much longer than the 15 min
sampling interval. A total of 15 measurements were made during the 7 day period with a
remarkable degree of consistency in the shape of the measured activity size distributions. Figure
30 shows the typical Po-218, Pb-214, and Bi-214 distributions observed in the basement of the
house at a radon concentration of 55 pCi/l and a particle number concentration of 3000 cm'.
The Po-218 distribution in Figure 30 is plotted as a histogram to illustrate the nature of the
distribution while the Pb-214 and Bi-214 distributions are shown by curves connecting the mid-

point diameter values.

Table 7. Assessment of measured screen penetration compared to theoretical predictions of
Ingham (1975).

Unit Sampler Sampler

Slit Width Diameter

(cm) (cm) (nm)
| 0.5 53
2 0.5 53 145 1.0
3 0.5 53 145 x 3 3.5
4 0.5 53 400 x 12 13.5
5 1.0 12.5 635 x 7 40.0
6 1.0 12.5 635 x 20 98.0

Sampling flow rate = 15 lpm (each unit)
Detector-Filter separation = 0.8 cm (all units)

* Wire screen parameters given by Yeh et al. (1982).

42



Rn—222 55 pCi/l Po-218 31.4 pCi/l (£3.2%)
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Figure 30. Typical Po-218, Pb-214, and Bi-214 activity size distributions observed in a house
basement in Princeton, N.J.

The Po-218 distribution shows that =54% of the Po-218 activity is in the smallest
inferred size interval with a mid-point diameter of =0.9 nm (diffusion coefficient, D=0.04
cm~/sec). This fraction closely resembles the classical, highly diffusive "unattached" fraction.
The magnitude of the cluster fraction agrees well with theoretical predictions from attachment
rate calculations at the observed particle number concentration (Porstendorfer et at., 1979).
Very little of the Po-218 activity exists in the range from 1.6 to 16 nm, with the remainder of
the activity attached to the larger ambient aerosol particles, diameter > 50 nm. The
corresponding Pb-214 and Bi-214 distributions show much smaller activity fractions in the 0.9 nm
size range. The longer lifetime of these decay products permits a greater fraction of activity to
become attached to the ambient aerosol. For all three distributions, the "attached" mode
peaked in the 160-500 nm size range. Flowever, this measurement system cannot be used to
determine particle sizes greater than 500 nm. The activity distributions obtained are in general
agreement, both with respect to the Po-218 cluster fraction and the size range of "attached"
activity, with the distributions measured by Tu ef al. (1989) in the basement of this house under

similar conditions at an earlier date.
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Several measurements of activity size distributions were also made in the kitchen on the
first level of the house. The initial measurements were performed under typical conditions of
20,000 particles/cm” and a radon concentration of ~3 pCi/l. The results of the measurement are
shown in Figure 31. The Po-218 size distribution shows a large fraction of the Po-218 activity
(-44%) having a diffusivity similar to the classical "unattached" fraction. However, a significant
fraction (=10%) is in the 1.6-5.0 nm size interval. The corresponding Pb-214 and Bi-214
distributions indicate insignificant activity fractions in the 0.5 - 1.6 nm size interval, but a
significant mode between 1.6 and 5.0 nm. The differences in the size distributions obtained in
the basement and in the kitchen area relate primarily to the 1.6-5.0 nm size interval with the
attached activity modes remaining in the 160-500 nm size range. This result suggests the
presence of condensable constituents leading to the formation of particles in the 1.6-5.0 nm size
interval or a source of very fine primary particles. This process may then allow the radon decay
products to become associated with the 1.6-5.0 nm size mode in varying fractions depending
upon the relative lifetimes. The presence of 6 large gas range pilot lights may be related to the
formation of this mode, and similar effects are believed to have been observed in other houses

by Tu et al. (1989).

gﬁ—zzz 1 32 gg(i)/(l) Po-218 2.0 pCi/l (+5.4%)
cone - =5 om Pb-214 1.2 pCi/l (£3.5%)
Bi-214 L1 pCi/l (+5.0%)
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Particle Diameter (nm)

Figure 31. Po-218, Pb-214, and Bi-214 activity size distributions measured under typical
conditions in the kitchen of the test house.
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In a final experiment, activity size distributions were measured following the continuous
addition of aerosols generated in the kitchen from lighting the gas stove burners of the kitchen
range. Figure 32 shows the distributions measured with particle number concentrations of
=150,000 cnr3 and a radon concentration of ~2 pCi/l. The large concentrations of particles
generated could be presumed to be rapidly coagulating soot cluster aggregates. The Po-218 and
Pb-214 activity distributions measured under these conditions (Figure 32) are dramatically
different from those measured in the basement and background kitchen conditions. The Po-
218 distribution reveals very little activity in the 0.5 to 1.6 nm size interval ("unattached"), with
most of the activity spread out over the range from 1.6 to 50 nm size intervals. The fraction of
Po-218 attached to particles > 100 nm is reduced to a negligible level, probably because of the
very large number of smaller particles produced by the gas burners. The distribution of Pb-214
reveals the activity to be spread out over the size spectrum dp > 1.6 nm, while the Bi-214
distribution remains similar to those measured prior to the addition of external aerosols.
However, these latter results may be due to the timing of the sampling interval, between 20-35
min after the start of continuous addition of the external aerosols. Consequently, steady-state

Pb-214 and Bi-214 distributions may not have been attained.

?“'222 : 11'§opocoi(/)l Po-218 0.97 pCi/l (+7.6%)
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Figure 32. Po-218, Pb-214, and Bi-214 activity size distributions measured during the continuous
generation of aerosols from the kitchen gas stove burners.
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A stability analysis was performed for each of the size distributions shown in Figures 30,
31, and 32. This analysis provides an estimate of the stability of the inferred solutions with
respect to errors in the input penetration data and the results are represented by the error bars
indicated in the figures. The size distributions obtained in the experiments were found to be
stable and relatively insensitive to perturbations in the input data of the order of the associated
measurement errors. The errors in the size interval fractions estimated from this procedure are

too small to be seen in these figures and thus were not included.

SAMPLER DESIGN BASED ON RESPIRATORY DEPOSITION
Introduction

From the discussion above, it should be clear that "unattached" fraction measurements
have only limited value in assessing the actual size distribution of the radon progeny. It is now
possible to measure the activity-weighted size distributions on a semi-continuous basis and more
such studies are needed in order to develop and validate models from which population
exposure estimates can be made. However, it would be useful if an alternative sampler could
be devised that had the simplicity of measurement of a screen-type "unattached" fraction
measurement, but could be more directly related to the deposition of activity in the human
respiratory system and hence to the dose to the critical tissues. From the currently available
information on respiratory tract behavior of particles, it appears feasible to devise such an
alternative system. The information on respiratory tract deposition of particles and thus the
basis for such a sampler will be presented along with the conceptual design of a new sampler to
measure the "bronchial deposited" fraction of the radon progeny.
Nasal Deposition

The critical questions in trying to assess the dose resulting from a given exposure to
airborne “Rn decay products is their fractional penetration through the nasal cavity. There is a
lack of experimental data in the literature on nasal deposition. George and Breslin (1969)
reported that between 28-50% of the "unattached" activity penetrated the nasal cavity during
nose breathing while essentially all of the unattached activity penetrated to the respiratory tract
during mouth breathing. These results are in agreement with the laboratory results of Schiller

(1985) for particles >. 5 nm in diameter.
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Based on a survey of the available experimental literature, Yu et al. (1981) have
determined that oral deposition of micron-sized particles was less than for nasal deposition but
was still appreciable. However, based on the analysis of the experimental systems used to
measure total respiratory deposition by Gebhart et al (1989), Egan and Nixon (1989) have
developed a corrected theoretical model to compare to Schiller's data. When simulating mouth
breathing, they assumed that the oral deposition is zero and obtained excellent correspondence
between theory and experiment over a range of particle sizes from 5 to 200 nm.

Recent improvements in airborne size measurements (Reineking and Porstendorfer,

1986; Holub and Knutson, 1987) have permitted the measurement of the size distribution of the
airborne activity down to sizes below | nm. It appears from these measurements that the
"unattached" fraction is an ultrafine mode in the activity size distribution whose exact size
depends on the chemistry of the atmosphere in which the decay products are found (Hopke and
Ramamurthi, 1988; Ramamurthi et a/, 1990b). The amount of activity penetrating the nasal
cavity is thus dependent upon the size distribution of the radioactivity in the ultrafine-cluster
size region.

Cheng et al. (1988) have presented the results of a new experimental study of the
penetration of ultrafine particles (0.0046 to 0.2 in diameter) through a nasal cast. A
relationship between nasal deposition efficiency, inspiratory flow rate and particle diffusion
coefficient was derived from the experimental data by Cheng et al (1988),

= 1- exp(-40.3QI8D23) 17)
where 1! is the deposition efficiency, Q is the volumetric flow rate (I minl), and D is the particle
diffusion coefficient (cml sl). The diffusion coefficient has been calculated using the modified
Einstein-Cunningham equation presented earlier in this report. A plot of the fractional
deposition in the nasal cavity as a function of particle size is presented in Figure 33, from a
calculation using equation 17 and flow rates, Q, of 5 and 50 | minl

From the extrapolation of the previous data to the size of "unattached" radon progeny
(about 1 nm), deposition efficiency is predicted to be greater than 90 % as shown in Figure 33
(Hopke et al, 1990). Strong (personal communication, 1989) from National Radiological
Protection Board (NRPB) of the United Kingdom found that the nasal deposition in a different
half nasal cast followed a collection efficiency equation of r; = 1 - exp(-16 Q 18 D 23).

Recently, the new empirical nasal deposition equation developed by Cheng (1989) is ! = | -
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Nasal (5 Ipm) — <— Nasal (50 Ipm)
(Cheng etal.,1988)  ~ (Cheng et al.,1988)

Nasal (30 Ipm)
(Yu et al., 1981)

05 1.0 10.0 100.0 1000.0

Particle Diameter (nm)

Figure 33. Fractional collection of particles in the nasal cavity as modeled by Equation 17.

exp(-12.3 QI® DIT). Most recently, James ef al. (1989) has reanalyzed the human nasal
penetration data of George and Breslin (1969) and obtained the nasal deposition efficiency as
= 1 - exp(-12.5 QI® D20). Thus, there is considerable uncertainty regarding the nasal
penetration of the smallest sized radioactive particles. It would appear, however, that there is
somewhat higher nasal deposition than has been typically incorporated into previous dosimetric
models.

Yu and coworkers (Yu et al, 1981; Yu and Diu, 1982) derived an empirical nasal
inspiratory deposition efficiency relationship for larger particle sizes where inertial collection
effects may become significant (dp >= 200 nm). Figure 33 also shows the fractional deposition
in the nasal cavity calculated using these equations (Yu and Diu, 1982), using an inspiratory
flow rate of 30 | minl and assuming a particle density of | gm cm3. It is evident from the
calculated deposition curve shown in Figure 33 that under these conditions, the inertia-

dominated, nasal deposition efficiencies are less than 10% for particle sizes <= 1000 nm (1 “m).
Bronchial Deposition

The assessment of the lung alpha dose requires an estimate of the decay product activity

deposited in the bronchial tree. It is possible to estimate the bronchial deposition as a function
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of particle size in a manner similar to nasal deposition. Particle deposition in the bronchial tree
in the size range dp < | “m has been investigated by a number of researchers (e.g. Task Group
on Lung Dynamics, 1966; Yeh and Schum, 1980; Yu et a/, 1981; Yu and Diu, 1982; Cohen et
al, 1990). The deposition in the bronchial region can be calculated using lung model
parameters, empirical deposition relationships and correction factors developed in these and
other reports.

The calculated fractional collection within the bronchial region is shown in Figure 34 at
an average inspiration/expiration flow rate of 30 | minl and assuming particle densities of 1 gm
cml. The calculation estimates the collection of particles in the tracheobronchial region
(generations 0-15) during both inhalation and exhalation, and is based on lung model parameters
given by James (1984) and Yeh and Schum (1980). The deposition equations used in the
calculation were those presented by Yu and Diu (1982) for laminar flow diffusional deposition,
and deposition by impaction and sedimentation mechanisms. The correction factors determined
experimentally by Cohen (1987) and Cohen ef al. (1990) to correct for incomplete development

of uniform laminar flow in generations 1-6 were also used in the calculation. The calculation

— 4 x 400 mesh (12.0cm s )

Calculated Bronchial —>\\
Deposition N\

0.5 1.0 100.0 1000.0

Particle Diameter (nm)
Figure 34. Fractional tracheobronchial deposition (generations 1-16) at 30 | minl. Also shown
is the collection characteristic of four 400 mesh screens at a face velocity of 12.0 cm sl.
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does not include corrections for dead volume in the trachea, assumes there is no pause between
breaths, and that the air is inhaled completely into all generations of the lung. The calculated
bronchial deposition curve is consistent with similarly calculated deposition curves presented by
James (1988).

It is possible to select a multiple-wire screen sampler with similar collection
characteristics as those of the bronchial region. In the case of an inspiratory/expiratory flow
rate of 30 | minl, the collection efficiency of four 400-mesh screens with the same characteristic
parameters as given previously and a face velocity of 12.0 cm sl provides an excellent match to
the bronchial deposition pattern over the size range 0.5-1000 nm (Fig. 2). Thus, this wire
screen measurement system would provide a good estimate of the sum of activity deposited in

'

the bronchial region from both the "unattached" and "attached" modes.
Sampler Design

It is now possible to design a sampling system that can provide measurements of
airborne radioactivity from which the activity deposited in the nasal cavity or in the bronchial
region can be estimated. The sampler would have several sampling heads depending on which
quantities were to be determined. In each case, the activity collected on the filter would be
counted using either a gross a or a-spectroscopy system to provide the data from which the
activities of each of the decay products could be calculated. An open-faced filter would yield
the total airborne activity (AT). A sampler with a single 400-mesh screen covering the filter and
operating at a face velocity of 12.0 cm s! would give the amount of activity penetrating the
nasal cavity for an inspiratory flow rate of 30 | minl (AN). The activity deposited in the nasal
cavity is then given by Ax - AN. From these quantities of deposited activity, the dose to the
cell-at-risk could then be more accurately estimated.

A sampler with four 400-mesh screens covering the filter and also operating at a face
velocity of 12.0 cm S would measure the amount penetrating the bronchial region for a
inspiratory/expiratory flow rate of 30 | minl (AB). If deposition in the oral passage during
mouth breathing can be neglected, the activity deposited in the bronchial tree during mouth
breathing is then AT - AB. If oral deposition cannot be neglected, then the measured value

would represent an upper limit for the bronchially deposited activity.
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If a measure of the activity deposited in the bronchi during nasal breathing is to be
obtained, a different sampler would be needed. A five 400-mesh screen-sampler, with the first
screen simulating nasal cavity deposition and the other four screens simulating bronchial
collection, would then provide a measure of the activity that penetrates through both the nasal
cavity and the tracheobronchial region (AN+B)- With the two samplers, AN and AN+B, the activity
deposited in the bronchi during nasal breathing would be given by AN - AN+B. In a similar
manner, a sampler to account for non-negligible oral deposition can be designed once a
quantitative oral deposition relationship is available. With a 47 mm filter system that has a
collection area of 12.5 cm), the sampling flow rate would be 9.4 | minl which is adequate to
collect sufficient activity for quantitative analysis with acceptable precision.

These measurements involve compromises with respect to breathing rates. Therefore, it
may still be useful to obtain more complete measurements of the activity size distributions for
more complete evaluations of the deposition behavior of the progeny in the respiratory tract.
However, these choices of screens and sampling face velocities do provide estimates of the
activity deposited in the various regions of the respiratory tract and thus better input
information for the calculation of dose. Using the concepts described in this report a variety of
other screen and flow systems could be designed to meet specific other needs. This approach to
the measurements represents a considerable improvement over conventional "unattached"
fraction measurements since the results can be directly related to the respiratory tract deposition
processes that give rise to the radiation dose to the critical tissues involved in “Rn-decay

product induced lung cancers.

REVIEW AND RECOMMENDATIONS

As part of the effort to prepare this report, a workshop was convened at the University
of Illinois of the leading experts from around the world to review the current state of
knowledge on "unattached" fractions and the state-of-the-art in activity size measurements. This
workshop was held on April 24-25, 1989 in Urbana, Illinois. The following individuals attended:
Dr. E.O. Knutson (EML), Dr. K.W. Tu (EML), P. Scofield (EML), Dr. A.C. James (PNL), Dr.
James Briant (PNL), Dr. Robert F. Holub (BuMines), Dr. Steven Solomon (ARL), J. Strong
(NRPB), Dr. A. Reineking (Universitat Gottingen), Dr. Y.S. Cheng (ITRI), and Dr. Y.F. Su

(ITRI). A series of presentations were made of recent results and current activities in

51



developing and testing new measurement methodologies. The specific measurement resuits have
been presented in previous sections of this report. During the final portion of the workshop, a
round table discussion of a variety of issues was held.

In order to foment discussion, three general sets of issues were sent to the workshop
participants before the meeting. These issues were

1. Conventional "unattached" fraction measurements.
a) Utility of single "unattached" fraction measurements for assessing dose.
b) Standardization of screen/flow parameters.

i) Is there a "best" choice for cut-off diameter (dp(50%)) for assessing the
"unattached" fraction?

ii) Would a measurement system based on models of respiratory deposition
provide more useful estimates of the airborne activity exposure needed in
dosimetric calculations?

2. Measurement of the complete activity size distribution.

a) Has the development of single wire mesh screen-based systems evolved to the
point where reliable activity-weighted size distributions can be obtained?

i)  Serial or Parallel Systems?

ii) Measurement of the activity deposited on the screen as opposed to the
measurement of the activity deposited on a back-up filter?

iii) Choice of scrcen/flow values.

iv) Problem of collection of "attached" activity by screens providing artifact
"unattached" activity.

b) Activity-weighted size distribution reconstruction
i) Twomey, Expectation Maximization, Simplex, "Micron", other?
ii) Error analysis

¢) Resolution limits to the measurements.

3. Recommendations on types and timing of measurements for better exposure/dose
estimation.
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a) Can we specify "typical" values for living areas and bedrooms in non-smokers and
smokers households of:
i)  Unattached fraction of potential alpha energy, fp.

ii) Effective diffusional size of the "unattached" fraction.
iil) Activity-weighted median diameter of the "attached" fraction.

iv) Should explicit consideration be given to inclusion of a "nuclei" mode in the
activity size distribution for the particle-attached activity in the range of 10-
20 nm in diameter?

b) Does the size distribution of "unattached" radon progeny and the particle-
attached activity increase in size within the respiratory tract as a result of
hygroscopic growth? If so, can "typical" growth factors be specified?

Each of these topics were discussed both in the individual presentations and in the summary
discussion. It is the purpose of this section to summarize the results of these discussions and to
provide specific recommendations with regards to future measurement efforts.

The "unattached" fraction is currently a quantity that is not clearly defined. Its use as a
measure of highly diffusional activity is empirically defined by the measurement methods used in
any particular study. However, the procedures have not been standardized and measurements
based on the variety of methods discussed above are difficult to quantitatively intercompare. A
standard definition of what portion of the activity-weighted size distribution is to be included in
the "unattached" fraction does not currently exist. Ramamurthi and Hopke (1989) have
suggested that the use of a screen system with a dp(50%) at 4 nm would provide an optimum
collection of the smaller sizes while minimizing the collection of the nuclei mode, but this
suggestion has not been adopted by the scientific community involved in radon/aerosol
measurements.

A question then arises as to whether the "unattached" fraction should now be defined in
terms of the amount of activity determined to be associated with particles below a certain size
or continue to be operationally defined as that collected by a screen with a given dp(50%) value.
Since the peak in the dose per unit exposure curve comes at around 4 to 5 nm. it may be that
the activity less than 10 nm is the quantity most useful for dosimetry. However, given the
frequency of particles in the nuclei size range of 5 to 20 nm, it would be difficult to accurately

assess the less than 10 nm activity using screen collection as the separation method. Thus, it is
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recommended that "unattached" fraction measurements should be made using a screen system
with a dp(50%) of 4 to 5 nm.

In an earlier view of the deposition of the "unattached" activity and the resulting curves
of dose as a function of particle size (James, 1988, for example), the curve below 10 nm is
relatively flat because substantial nasal deposition was not included. However, the new
information on the deposition in the nasal and oral cavities suggests that more detailed
information of the activity size distribution below 10 nm is essential if the dose is to be
accurately estimated. If a larger portion of the < 2 nm sized activity is deposited in the extra-
thoracic region, then the conventional "unattached" fraction measurement becomes less useful in
assessing risk from radon progeny and the size range around 10 nm becomes the dominant
source of bronchial dose. More extensive characterization of the extra-thoracic deposition thus
becomes necessary to remove a critical uncertainty in the overall exposure-dose-risk estimation.

It can be concluded from even the limited activity-weighted size distributions that have
been measured that the "unattached" fraction cannot necessarily be characterized as a
monodisperse mode with a single, fixed diffusion coefficient. There may be | or 2 modes in the
size distribution below 10 nm depending on the presence of aerosol sources. In indoor spaces
without sources, a classical "unattached" activity mode may exist although some measurements
would suggest polydispersity in the distribution. The standard screen methods for "unattached"
fraction do not perform a dichotomous separation of "attached" from "unattached" in the
manner of inertial separators used in larger particle ( > 1 nm) applications. In some
circumstances, the measurement may provide sufficient separation of the aerosol to be useful in
the subsequent dosimetric calculations. Thus, the development of measurement systems that
provide direct determinations of the deposited activity may provide more useful information for
the estimation of dose and risk.

Complete characterization of the activity size distribution can now be accomplished with
automated or manual systems. There remain uncertainties in the extraction of size distributions
from the activity measurements (Ramamurthi and Hopke, 1990), and no standardization of
systems is currently feasible. Further development and refinement of these systems will lead to
incremental improvements in their performance and the reliability of the extracted information.
There are only a limited number of such systems available. These systems are complex and

expensive to build and use. They will, therefore, only have limited application in assessing the
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exposure of individuals to radon progeny that will permit a relatively complete dosimetric
evaluation to be made. It is likely that models will then needed that would relate building
characteristics including ventilation rates, interzonal flows, radon entry pathways, indoor aerosol
sources, surface deposition, and other related phenomena to radon progeny concentrations,
activity-weighted size distributions and ultimately to respiratory tract dose. Measurements of
complete activity size distributions along with other related variables are needed to permit the
development and verifications of phenomenological models or to validate models that would
related the radon progeny behavior to basic fluid dynamics and aerosol physics principles. Such
models would then allow extrapolation of the experience gained in a reasonable number of well
characterized structures to a larger population of houses in which the general public reside.
The availability of measurement methods that retain the simplicity of a screen
"unattached" fraction measurement, but provide results that can be more directly related to the
dosimetric calculations for which the measurements are being made would be valuable.
Samplers have previously been designed to mimic the deposition of larger particles in the
pulmonary region of the respiratory system. The conceptual framework for nasal and bronchial
deposition samplers has been presented and appears to be an attractive alternative to
"unattached" fraction measurements. However, the uncertainties in the amount of nasal
deposition need to be resolved, and it is necessary that such a sampling system be built, tested,
and its utility demonstrated. It is recommended that such an effort be made in the near term
future. Another issue that needs to be addressed in developing a bronchial sampler is the
problem of hygroscopic growth. If the particles on which the activity reside grow in size upon
contact with the higher temperature and relative humidity, their aerodynamic behavior is
modified and their rate of deposition is decreased. The rate of reduction in deposition and
hence in the associated dose is roughly linearly related to the size. Thus, if the particles double
in size, the resulting dose will be halved. There is currently no information available on the
hygroscopicity of the indoor aerosol and this potential effect cannot be quantitatively evaluated.
Methods are available to perform these measurements and information will become available in
the next several years. Once this additional knowledge about deposition and sampler behavior
is available, it may then be possible to replace "unattached" fraction as the useful measurement

with the "bronchial" fraction or the "nasal" fraction.
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The uncertainties in nasal and oral deposition represent major uncertainties in the
evaluation of the overall risk arising from the inhalation of radon progeny. Because the dose
per unit exposure from the "unattached" fraction is an order of magnitude larger than that from
an equivalent amount of "attached" activity, then nasal deposition of 1 nm particles of 80 to
85% instead of 60 to 65% would result in an approximately 25% reduction in dose and particles
in the range of 10 nm carrying activity would become the critical determinant of the deposited
activity in the tracheobronchial region. Thus, resolution of the nasal/oral deposition question is
essential in the evaluation of the importance of the "unattached" fraction in dosimetric
calculations and would elevate the need for complete size distribution measurements or new
samplers based on respiratory deposition in order to make accurate dose estimates.

There are currently only very limited data available on both "unattached" fractions and
complete activity-weighted size distributions in indoor air. The available measurements have
generally been made under artificial conditions and not in occupied houses in normal use. It
may be that actual conditions will be similar to the ones that have been simulated, but
additional measurements are needed to examine this question. It is therefore not currently
possible to provide estimates of "unattached" fractions for which there is a high degree of
confidence that they represent "typical" values in indoor air. In general it appears that the
"unattached" fraction of potential alpha energy concentration measured in active working areas
of uranium mines are lower than in "typical" indoor air. It appears that the "unattached"
fraction values in mines are approximately 3 times smaller than those measured in houses. The
more recent measurements also suggest that the equilibrium factor in houses without smokers is
lower than the commonly used value of 0.5 and are probably in the order of 0.30 to 0.40.

Thus, although there is less airborne activity in indoor air per unit radon activity concentration,
more of it is in the more diffusive form. Now that improved understanding of the collection
behavior of screens and the chemistry of radon progeny has led to improved sampling and
analysis methods, these methods need to be used to provide a data base from which improved

exposure-dose-risk estimates can be made.
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